Abstract: Plasmonic color filters based on the hexagonal arrangement of coaxial hole array in aluminum have been demonstrated as a promising candidate for color filter development due to polarization and incident angle insensitivity. They also comprise a single nanometer thick metal film, demonstrate good line width, CMOS compatibility, and fine color tunability. However, the low transmittance of the coaxial hole array based filters limits their use in potential applications such as image sensors and displays. This paper introduces a new method to increase transmittance in coaxial hole array based filters by tuning localized surface plasmons and surface plasmon polaritons. In this method, coaxial holes of small diameters are filled along with a large size coaxial hole array to form a combined filter geometry with optimized parameters in aluminum film using computational techniques. The simulation results will have potential applications in CMOS image sensors, submicron pixel development, microdisplays, and liquid crystal over silicon devices.
Introduction
As demand for high-resolution imagery continues to expand in consumer, scientific and industrial applications there is a need for smaller, highly tunable and robust colour filters [1] - [4] . Precise control of wavelength provides vivid colour response and improved selectivity. CMOS image sensor technologies have undergone enormous advances in recent years to increase performance and reduce pixel size. Along with reducing the transistor size to nanoscale for image sensors, submicron scale filters are also required to perform filtering for image acquisition sensors, next generation spatial light modulators [5] - [7] and high-resolution microdisplays.
Conventional colour filters are made from pigments and dyes. The filter colour response is directly related to the absorption coefficient, which in turn is related to the area/volume of the filters. Therefore, it is difficult to make nanometer-sized colour filters using pigments and dyes [1] - [4] , [8] , [9] . Recently, colour filters based on the titanium oxide nanodisk operating in reflection mode were reported as having good optical performance because of its low loss and high refractive index in the visible range [10] . However, this design is not suitable for image sensor applications due to their operation in reflection mode. Moreover, the titanium oxide nanodisk is not CMOS compatible. Plasmonic colour filters based on aluminium are better candidates to most of the alldielectric colour filters due to their CMOS compatibility, ability to operate in transmission mode, use of single namometer thick film and excellent colour tunability (from UV to NIR range) [1] , [8] , [11] . Furthermore, the filter spectral response can be carefully controlled by parameterising structure geometry, producing artificial material properties engineered to specific design and application requirements. There have been many demonstrations of colour filters employing plasmonic effects in the literature, especially using nanostructures in thin metal film [1] - [4] , [8] , [9] , [11] - [30] . Such colour filters can be fabricated using a single perforated metal film with the thickness of 50 to 200 nm. Despite these promising attributes, plasmonic filters still suffer from the poor transmission and incident angle sensitivity which have limited the scope of target applications and increased deployment requirements in CMOS and display applications. For example, the peak transmittance wavelength for a simple hole array based plasmonic colour filters depends on the angle of the incident light because the surface plasmons based effect in the hole array is angle sensitive [8] , [24] . If such a hole array filter were used in an image sensor, the filter will transmit only the desired colour at normal incidence while different colors would be filtered at oblique incidences.
Plasmonic colour filters based on the coaxial holes were reported using gold (Au) [12] . However, the coaxial hole array in Au film is limited to produce the resonance peak at wavelengths less than 480 nm [12] due to the material limitation [13] . It has been demonstrated that transmittance of a square aperture array in the silver film can be enhanced using suitably placed small squares [27] , however, the square aperture is polarization sensitive. Other designs were reported by creating symmetric patterns inserted into the metal film to increase the transmittance, such as the nano trench or cavity [28] , [29] . Extra coating on the Ag-Si film was also demonstrated to enhance the transmittance [30] based on the Fabry-Pérot resonances. However, these demonstrated structures are not covering full colours in the visible range, and Ag oxidizes in air. Au and Ag based filters are not CMOS compatible and also require a seed layer for better adhesion to substrates which increases the fabrication complexity.
Recently, it has been reported that vivid red, green and blue colours could be produced by plasmonic colour filters based on the hexagonal arrangement of coaxial holes in aluminium [11] and it is a promising candidate for image sensor applications, due to its angle insensitive and polarization independent characteristics. However, the transmittance of colour filters based on coaxial hole arrays is too low to be used in an image sensor or display as the transmittance reported in the literature varies from 5% (red) to more than 20% (blue) [11] . This is because, for the localized surface plasmon, peak wavelength depends on gap size, thus as the gap decreases a shift towards the red region is introduced. Therefore, it is important to develop techniques to increase the transmittance of plasmonic colour filters without compromising important characteristics such as polarization and incident angle insensitivity, good line width, fine tuning capability and CMOS compatibility.
In this paper, we present a technique to enhance transmittance of plasmonic colour filters based on the coaxial hole array in aluminium. We demonstrate a new scheme to overcome the limitation of low transmittance in the coaxial hole array filter using two different coaxial holes geometry that is independently tuned to the same colour (wavelength), followed by merging both the coaxial geometries to make a combined geometry.
Simulation Model and Optimization Method
The plasmonic resonance peaks responsible for obtaining different colours in a coaxial geometry are predominantly due to localized surface plasmons (Fabry-Pérot resonances) supported in a cylindrical resonance cavity. The cavity is excited by cylindrical surface plasmons formed by a metal film with finite thickness and two end faces. Tuning of colours was obtained by varying inner (r 1 ) and outer (r 2 ) radii of the coaxial hole using localized surface plasmons. The resonance peak (peak transmittance wavelength) can be obtained using different combinations of the inner (r 1 ) and outer radii (r 2 ) as shown in Fig. 1 . The desired colour (transmittance peak) can be calculated using the equation l = (nπ − )/β [8] , [9] , [14] , where l, n, and β are the thickness of the metal film, the order of the Fabry-Pérot resonance, the phase of reflection constant and the propagation constant respectively. There is also a minor contribution to resonance peaks in the coaxial hole array geometry due to the pitch between coaxial holes caused by surface plasmons polaritons [11] , [12] . Here, we have exploited both the tuning of localized surface plasmons and surface plasmons for obtaining RGB colours.
The coaxial hole array in the hexagonal arrangement was simulated using a unit cell of a regular hexagon as shown in Fig. 1(a) where W and L are defined as the separation between large coaxial holes in x and y directions respectively. The relationship between W and L are chosen such as L = 2 × W × √ 3 2 = √ 3W for producing hexagonal geometry. To increase the transmittance, hexagonal geometry of large coaxial holes array (LCHA in blue regular hexagon block in Fig. 1(a) ) is combined with an additional coaxial hole array with a smaller radius (SCHA in Fig. 1(b) ) to create a dual coaxial hole array (DCHA) in such a way that the combined geometry is polarization insensitive. In DCHA, the distance between two adjacent small coaxial holes is the same as the length d 1 , the distance between the adjacent large coaxial hole and small coaxial hole. With the angle θ = 60
• , as a result,
W as shown in Fig. 1(c) . The 3D geometries are computationally investigated using the finite element method (FEM) implemented in COMSOL MULTIPHYSICS. The simulation unit is highlighted by the red diamond block in Fig. 1(c) and its top view is shown in Fig. 1(d) . The simulation model consists of a 150 nm thick layer of aluminium on a semi-infinite glass substrate (n = 1.5) with 200 nm thickness to find the wavelength at which maximum transmittance occurs for the filters. The top layer is air with a thickness of 200 nm. Light is excited from the aluminium side (top side) using port boundary conditions. S-parameters are used to find the transmittance (|S21| 2 ) of the filters. Perfectly matched layer (PML) is used on the top and at the bottom of the model to avoid effects of reflected light in the transmittance spectrum.
Details of the incident wave are shown in Fig. 2 , and formula for electric field to study polarization and angle sensitivity is given below [31] .
The θ is the incident angle, ϕ is the polarization angle which is in the direction of E / / . Propagation constant k is defined as (2π × n)/λ where n is the refractive index of the simulation domain (air) where the port is set for illumination. The refractive indices of aluminium at different wavelengths are taken from Palik's experiment [32] . The incident angle θ was varied to study the effect of transmittance with respect to the angle of incidence. Similarly, polarization angle ϕ was varied to study polarization sensitivity.
Results
Based on the simulation models discussed above, in the first step, a large coaxial hole array is designed to produce the peak wavelength of 650 nm (red colour filter) by tuning inner (r 1 ) and outer (r 2 ) radii to 120 nm and 130 nm, respectively by tuning the localized surface plasmons. This is followed by tuning the pitch to 420 nm for LCHA R by tuning LSP. LCHA R gives a transmittance of 6.2% and a line width of 180 nm (FWHM). In the second step, another small coaxial hole array is designed to the same peak wavelength of 650 nm by tuning inner and outer radii to 83 nm and 90 nm, respectively (SCHA R ). SCHA R gives a 5.6% transmittance with FWHM of 150 nm. In the final step, both LCHA R and SCHA R are combined to create the dual coaxial hole array (DCHA R ) with the enhanced transmittance of 15.5% with FWHM of 215 nm. These results are presented in Fig. 3 . The insets of the Fig. 3 show normalized electric field on LCHA R , SCHA R and DCHA R which shows that both large and small coaxial hole arrays are excited by the incident light, and both are contributing to transmission. The increased transmittance is due to the coupling of plasmon resonances in both large and small coaxial holes constructively by geometrical tuning.
RGB colours are required for making the bayer pattern in CMOS image sensors. Hence the same scheme used for the red colour is applied for both green and blue colour filters. The blue colour (LCHA B ) is obtained by tuning the pitch size to 260 nm, and radii to r 1 = 40 nm and r 2 = 50 nm. LCHA B is then combined with a small coaxial hole array tuned to the same wavelength (SCHA B ) with r 3 = 40 nm, r 4 = 50 nm to obtain DCHA B . For the green colour (LCHA G ), pitch size is 430 nm, r 1 and r 2 are 106 nm and 130 nm respectively. Then combining another smaller coaxial hole array (SCHA G ) with r 3 = 70 nm, r 4 = 80 nm for the green colour (DCHA G ).
The transmission spectra of blue and green colour filter for LCHA, SCHA and DCHA are shown in Fig. 4 and Fig. 5 respectively, and their line widths (FWHM) are tabulated in Table 1 . CIE 1931 chromaticity diagram was plotted for red, green and blue colour filters using chromaticity coordinates obtained from simulation results for LCHA and DCHA (Fig. 6) . The CIE chromaticity chart shows that the pure colour perceived by human vision is obtained from the spectrum of different colour filters. From the CIE chromaticity charts of LCHA and DCHA, it is shown that the measured chromaticity coordinates of the RGB filters falls around the achromatic point. For the green and red DCHA colour filters, their positions are slightly shifted on the CIE chart towards the center (white light) compared to LCHA. But the shift is still falling around the achromatic point and is within the acceptable limit. This effect is due to a slight increase in FWHM after combining LCHA and SCHA. This demonstrates the capability of DCHA based colour filters with increased transmittance for a large degree of colour range tuning applications such as CMOS image sensors.
There are two important requirements for a colour filter to be used in CMOS image sensors, viz polarization insensitivity and angle independence. The polarization insensitivity ensures capturing the exact colour and intensity of objects irrespective of the rotation of camera/sensor. Angle independence is essential to obtain the same colour of objects irrespective of the angle of recording. For example, if the filters are angle sensitive, the same object will be recorded with different colours at different angles of the image capture. The transmittance of DCHA is studied for three different polarization angles, 0°, 45°and 90°. A red DCHA colour filter (DCHA R ) is taken as an example as shown in Fig. 7(a) . The results show the DCHA is almost polarization insensitive. Furthermore, transmission characteristics of the red colour DCHA are studied for different incident angles (full field angle: FFOV), 0°, 30°and 60°, as shown in Fig. 7(b) . There is no shift in the peak wavelength with respect to angle, and hence the transmitted colour will be the same from different angles of illumination with a small reduction in the intensity (∼3.5%). These results show that DCHA design is very promising for colour filter development due to angle insensitivity, polarization insensitivity, good line width (FWHM), fine tuning ability and CMOS compatibility. 
Conclusion
The paper presents a technique to increase peak transmittance of the hexagonal arrangement of coaxial hole array in aluminium without compromising its polarization insensitivity, line width and angle insensitivity. In the proposed technique, one large coaxial hole array is designed for a peak wavelength of interest after optimization, followed by designing a small coaxial hole array to the same peak wavelength. These two coaxial hole arrays are then combined in a suitable fashion to enhance the transmittance. The transmittance is increased more than 2x for red colour filter, 1.4x for green colour and 4x for blue colour. These results will have potential applications in developing micron and submicron colour filter development for CMOS sensors, micro-displays and spatial light modulators.
